Résumé. 2014 On améliore la résolution obtenue en diffusion des neutrons aux petits angles pour déterminer la structure des micelles de dodécylsulfate de Abstract 2014 An improvement over previous determinations of the structure of sodium dodecyl sulfate micelles has been obtained from small angle neutron scattering. The experiment measures the average distribution of distances between all nuclei within a micelle, and also those between deuterium labels attached at positions 03C9 or 03B3 on the SDS chains. At low resolution (15 Å), only the average structure of the micelle is observed : this is a dense sphere containing N = 74 SDS molecules; the hydrocarbon core has a radius of 18.4 Å and contains less than one water molecule per SDS molecule. At high resolution (5 Å), fluctuations away from the average structure are observed.
Introduction
Globular micelles, i.e. aggregates containing approximately 70 amphiphilic molecules each, form spon-(*) This work used the neutron beams of ILL in Grenoble, France. (+) Laboratoire associé au CNRS. (+ +) Current address : DPC/SCM, CEN-Saclay, 91191 Gif-sur-Yvette, France.
JOURNAL DE PHYSIQUE. -T. 46 , No 12, DÉCEMBRE 1985 taneously over a wide range of concentrations in the aqueous solutions of the amphiphile sodium dodecylsulfate (SDS) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The structure of such micelles appears to be a matter of chronic concern ; indeed, the acquisition of high resolution structural data is a required step for the future design of specific chemical reactions using the micellar surface as a catalyst.
.Most of the confusion stems from the following question : should the micelles be pictured as well defined particles or as a general class of transient, disordered aggregates ? In the first point of view micelles have a highly ordered internal structure; some models select a specific packing of the hydrocarbon chains, such as the parallel/normal packing of Fromherz [35] [36] [37] or Menger's earlier « pin-cushion » model [32] ; others have a singularity at the centre, such as Dill and Flory's quasi-crystalline order near the centre of the core [28] . If these views are correct, it should indeed be possible to determine a precise structure for the micelle, i.e. a complete set of distances and masses, including a detailed shape for the water/ hydrocarbon interface and a specific location for each type of CH2 or CH3 group; the fluctuations around the average parameters should be small. In the second point of view, the micelles are better described as liquid droplets of amphiphile if they are large, or as simple fluctuations of the local concentration of amphiphilic molecules if they are small. In this class all the thermodynamic models which consider that surface forces are dominant for micelle formation, and consequently neglect all terms in the free energy associated with the organization of the hydrocarbon chains in a globule . This [43] [44] [45] [46] [47] With respect to the separation between order and fluctuations, the crucial point is that a static scattering experiment measures the flux of scattered radiation in a given direction, i.e. the average of the squared amplitude :
where the bracket denotes a thermodynamic average.
For a system made of particles, the scattered amplitude can be decomposed into a sum over the amplitudes scattered by the individual particles :
Then the scattered intensity contains n single particle terms and n2 products of amplitudes scattered by different particles [45] If the positions of the particles are not correlated with their orientations nor with their sizes [45] [46] [47] [48] , then the averages of products corresponding to different particles can be decomposed into products of averages:
where the last average is taken over all interparticle distances r = Rj in the solution. These interparticle interferences can be rewritten with the structure factor S(Q) for the centres of mass of the particles :
This formula expresses the central problems for the determination of the structure of a micellar solution.
Firstly, the information obtained from the experiment is limited to an isotropic scattering curve I(Q). Yet 3 functions are required to separate intra-and interparticle interferences. They are :
-( A 1 (Q) ~ : This is the F.T. of the average radial distribution of scattering length within one particle.
-~ 1 Al (Q) 12) : This is the F.T. of the average distribution of distances P(r) within one particle; it contains the effects of non spherical shapes and fluctuations in particle size.
-S(Q) : This is the F.T. of the radial distribution function g(r) for the centres of mass of the particles (plus a constant).
Secondly, even if the interparticle interferences can be separated out [12] [13] , a formidable problem remains for the interpretation of the first term of equation (5) . Indeed, there are many choices for the average shape and the distribution of sizes of the micelles which will yield similar forms of ~ I A(Q) I2 ~.
In particular, Hayter [49] All these procedures rely on the measurement of complete scattering curves, allowing the distributions of distances to be calculated through a Fourier transform. In the past, there have been claims that the penetration of water molecules in the micelle could also be assessed from the Q -~ 0 limit of the scattered intensity, through a substitution of H20 by D20 or of p25 by d25 [14, 15, 31] . The argument was that the composition of the « wet » micelle could be determined by measuring the variations of the average scattering density p of the micelle in such substitutions. However the small angle scattering is only produced by the excess scattering density p(R) -p. of the micelles with respect to water, as expressed in equation (1) ; if water molecules are included in the micelle, they will contribute equally to the terms p V and p. V of the integral at Q -0 ; consequently their net effect on the intensity will be zero [60] .
This last problem can easily be solved by considering those distances which are seen through small (5) . In this expression the interparticle interferences are expressed by the structure factor ~S(Q). At low values of Q, corresponding to distances much larger than the average intermicellar distance, S(Q) becomes equal to the osmotic compressibility of the micellar solution, which is quite low-thereby depressing the scattered intensity. Then for Q values which are comparable but not equal to the average intermicellar distance, S(Q) shows the well known peak. Finally, for Q values corresponding to intramicellar distances, S(Q) approaches 1, and the scattered intensity is dominated by the first term of equation (5) . The classic problem in the scattering of micellar solutions is the separation of such interparticle interferences from the intraparticle terms which correspond to the structures of the micelles [45] [46] [47] [48] [49] .
An analytic form of S(Q) for charged particles in water has been found by Hayter and Penfold [57] ; at low particle concentrations the rescaled mean spherical approximation of Hansen and Hayter [58] must be used A structure factor S(Q) calculated according to this model can be extracted from the measured intensity I(Q) through a self consistent fitting procedure [12, 13] . Figure 5 presents the resulting decomposition of I(Q) for our SDS solutions.
The steps followed in the use of this procedure are as follows [52] . An (') From the position and shape of the peak in I(Q), according to the procedure of Hayter and Penfold [12] .
(b) From the Q -~ 0 limit of the single particle scattering, normalized by the scattering of H20. agreement. Thus the fitting procedure has produced a meaningful separation of intermicellar and intramicellar interferences. Furthermore, this separation does not depend on the details of the models which describe micellar structures and interactions between micelles : indeed we find that slight variations in the structural model, such as changes in the relative compositions of the 2 shells, or in the hydration of the micelle, result in identical fits to the scattering curves within the Q range of figure 5 . This is to be expected, since the separation applies to distances comparable to intermicellar distances in the solution (d -100 A) whereas the details of micellar structure correspond to much smaller distances. It is only for much higher surfactant concentrations (Ø '" 0.5) that the details of micellar structure will affect the intermicellar interactions [59] .
At Ellipsoids. Figure 7 shows the fits obtained with either prolate or oblate ellipsoids; it is assumed that these ellipsoids are homogeneous, polydisperse in size but not in shape, and take random orientations; their average volume is fixed and equal to that of a 18.4 A sphere. For axial ratios below 1.3, the general pattern of oscillations is reproduced, but the curves are almost undistinguishable from those for polydisperse spheres. For larger axial ratios the height of the first maximum is reproduced, but the pattern of oscillations has the wrong period. Clearly, no choice of axial ratio will give a satisfactory fit to the data once the average (or N) has been fixed. Fig. 7. -The data from D1B are fitted by the theoretical curves for ellipsoids whose volumes match the average aggregation number of SDS micelles. The 2 solid lines correspond to prolate ellipsoids with axial ratios e = 1.3 (shorter period) and e = 2 (longer period). The dashed lines are for oblate ellipsoids with axial ratios e = 0.7 (shorter period) and e = 0.5 (loss of the minimum).
Cubes. Fromherz has proposed that micelles may be built of surfactant blocks assembled at right angles [35] [36] [37] Although non spherical shapes are ruled out for the average structure, they should be allowed in the fluctuations away from the average. Indeed, the general descriptions of such fluctuations [53, 54] are based on a series of even-order spherical harmonics including 1 = 0 (monopole) and 1 = 2 (quadrupole) [44] . However the problem is complicated by the constraints of molecular packing, which may couple different harmonics to each other. Indeed, the fits by ellipsoids shown in figure 7 figure 11 with the data from D16 : again the diffuse boundary is ruled out by the data.
Thus any model where isolated water molecules would penetrate substantially in between the hydrocarbon chains yields an intensity which drops much faster at high Q than observed asymptotic behaviour.
On the other hand, it has been shown in the preceding section that interfacial layers with larger irregularities such as cavities will produce a scattering which remains higher than the data in the asymptotic range (Fig. 9 ). Therefore one might wonder whether a fortuitous combination of these effects might not reproduce the observed asymptotic law. Figure 12 shows that such a compensation is indeed possible at high Q ; however at low Q both effects (isolated water molecules and cavities) work in the same direction and produce an increase in the largest diameter of the micelle; as a result the first maximum of the plot is no longer reproduced.
We it is necessary to label specifically some groups on the hydrocarbon chains of SDS. In this section we consider the distances between end groups (CD3), and those between the methylene groups in the third position beyond the head (yCD2).
In our first attempt to measure these distances [52] , we tried to obtain conditions where the scattering would be dominated by the labelled groups; for this we used SDS-12d3 in H20. This choice was not good, since the large incoherent scattering by H20 swamps the coherent scattering beyond Q = 0.2 ~-1; also the polar groups are not matched by H20, and their contribution must still be extracted from a comparison with unlabelled micelles.
The scattering from labelled micelles in D20 yields a much better signal to noise ratio; figure 13 shows their scattering curves, plotted as Q 4 I(Q) vs. Q in order to emphasize the high Q region where they differ the most from regular micelles. With D20 as a solvent, however, the contributions from the labelled groups are small compared with those from the rest of the micelle; small errors in the modelization of the micelles can easily mask the effects of the labelled groups. This is demonstrated in figures 14 and 15 , where the data are compared with theoretical predictions for labelled and for unlabelled micelles. Here large differences between the data and some of the predictions appear around the 2nd maximum of the IQ 4 plot. However these differences may well be produced by an incorrect distribution of micellar sizes, or an inadequate modelling of the polar layer; conversely the agreement of some theoretical curves with the data is fortuitous.
It is therefore necessary to extract from the data a structural information concerning the labelled groups alone. Now the scattered amplitudes can always be decomposed into contributions of head groups, core, Dots : data from D16 for SDS-p,, in D~O. : from Gruen [26] , ---: from Gruen without the constraint of constant hydrocarbon density. ---: from Cabane [40] with CH3 dispersed throughout the core. ---: from Cabane with CH3 concentrated near the centre. data from D16 for SDS-12d3 in D20. Fits : as in figure 14. and labelled groups :
If the scattered amplitudes corresponding to labelled and unlabelled micelles could be measured and subtracted, then the contribution from the labelled groups could be isolated. However, in the scattered intensities, their contributions are mixed with the others by crossed terms which describe correlations between different groups :
To proceed further it is necessary to follow the method of Bendedouch, Chen and Koehler [14] , who assume that the average scattered amplitude can be calculated as a square root of the intensity. This is in general not true, because the thermal fluctuations and the rotational motions of the micelles are averaged out in the average amplitude A), whereas they contribute to the intensity :
However the discussion of fluctuations presented in § 2 . 3 shows that this assumption will be acceptable at low resolution, where the micelles can be considered as being all identical and spherical. Then All the currently available models for the internal structure of the micelle fail to reproduce this striking behaviour (Fig. 20) . As a rough measure of this discrepancy, consider the ratio of the average distance between CD3 groups to the average distance within the whole core, whose value is 0.85 according to our data. This ratio is predicted to be 0.45 in a model which maximizes the concentration of end groups near the « centre » (40), 0.58 in a spherical average of Fromherz's micelle [37] , 0.65 in Dill and Flory's interphase theory [28] as well as in a simple model which disperses the end groups throughout the core [40] , 0.71 in Gruen's theory [26] , and 0.78 in a modification of this theory where the constraint of constant density in the core is released. These discrepancies are large, and cannot be explained by the (---) , and that between yCD2 groups (---). (a) Fromherz [37] . (b) Dill and Flory [28] . (c) Cabane [40] with end groups near centre. (d) Cabane with end groups dispersed through the core. (e) Gruen [26] . (f) Gruen [65] which show very irregular shapes for computer generated amphiphilic aggregates. e) Many of these problems can be traced back to the original description of micelles as invariant particles, as opposed to a more general description of spatial fluctuations in the concentrations of DSand Na+ ions in the solution [62] . The [61] or biological particles [43, 44] ( § 6) .
Nevertheless, such models are useful because their scattering can be calculated through simple formulae. The Q -0 limit of the scattered intensity is :
With the choice of core and polar layer given above, the term due to the core only is 10 times larger than the crossed term between the core and the polar layer. However at high Q there is no such crossed term, as can be seen from the expression for Porod's invariant : or for Porod's limit :
With the same choice of core and polar layer, the contribution of the polar layer is 100 times smaller than that of the core; with a denser polar layer it would be somewhat larger, up to one-tenth of that from the core.
In conclusion, the polar regions of the SDS micelle contribute little to the scattering observed at high contrast between core and solvent The asymptotic limit of I(Q) is effectively controlled by the largest discontinuity in scattering density, which occurs at the core's surface. The Q -0 limit and the integral of the scattered intensity measure essentially the volume of the core; the ratio of these 2 quantities is the value of this volume, measured in absolute units; the aggregation numbers for the SDS micelle shown in table II, column c, are calculated from this value. Of course this last method would fail if the polar region of the micelle was more important, as would be the case for some non ionic micelles.
